The Alu Yb-lineage is a 'young' primarily human-specific group of short interspersed element (SINE) subfamilies that have integrated throughout the human genome. In this study, we have computationally screened the draft sequence of the human genome for Alu Yb-lineage subfamily members present on autosomal chromosomes. A total of 1,733 Yb Alu subfamily members have integrated into human autosomes. The average ages of Yb-lineage subfamilies, Yb7, Yb8 and Yb9, are estimated as 4.81, 2.39 and 2.32 million years, respectively. In order to determine the contribution of the Alu Yb-lineage to human genomic diversity, 1,202 loci were analysed using polymerase chain reaction (PCR)-based assays, which amplify the genomic regions containing individual Yb-lineage subfamily members. Approximately 20 per cent of the Yb-lineage Alu elements are polymorphic for insertion presence/absence in the human genome. Fewer than 0.5 per cent of the Yb loci also demonstrate insertions at orthologous positions in non-human primate genomes. Genomic sequencing of these unusual loci demonstrates that each of the orthologous loci from non-human primate genomes contains older Y, Sg and Sx Alu family members that have been altered, through various mechanisms, into Yb8 sequences. These data suggest that Alu Yb-lineage subfamily members are largely restricted to the human genome. The high copy number, level of insertion polymorphism and estimated age indicate that members of the Alu Yb elements will be useful in a wide range of genetic analyses.
Introduction
Short interspersed elements (SINEs) are a class of retroelements that are typically less than 500 nucleotides long and lack open reading frames (ORFs). 1 -5 Alu elements are dimeric, primate-specific SINEs that have reached a copy number in excess of one million in the human genome. 6 Alu elements have reached this copy number via an RNAmediated retroposition process that is dependent on the recruitment of an Line-1 (L1) protein possessing both reverse transcriptase and endonuclease activity. 7 -9 Amplification of Alu subfamilies is thought to occur from a limited number of 'master' or 'source' genes that are retropositionally competent. 10, 11 New Alu subfamilies are created when mutations occur in the source or master gene sequence and subsequently give rise to new lineages of elements that share the novel diagnostic mutation(s). Various Alu element subfamilies have dispersed throughout primate genomes at different time periods giving rise to a hierarchical series of elements that are of different genetic ages. 12 Since Alu elements first appeared in the primate genome, their amplification rate has fluctuated and is thought to be currently 100-fold slower than the peak rate 40 million years ago. 13, 14 The Yb-lineage, consisting of Yb7, Yb8 and Yb9, is the second largest 'young' group of evolutionarily-related Alu subfamilies in the human genome. In this study, the authors searched available genomic databases to annotate all Alu Yb elements present in the draft sequence of the human autosomal genome. In addition, a screen of diverse human genomes was conducted to identify those Yb elements that are polymorphic within the human population. In this paper, the authors determine the average age, genomic distribution and human diversity of 1,733 autosomal Alu Yb elements (see Figure 1 ). 
Materials and methods

Computational analyses
Screening of the National Center for Biotechnology Information's (NCBI's) GenBank non-redundant human genome genetic database and the University of California at Santa Cruz 2001 human genome draft sequence was performed using a local installation of BLAST (available at NCBI (http://www. ncbi.nlm.nih.gov/)) to locate all chromosomal locations of Alu Yb subfamily members. 16 As search criteria, a 21 base pair oligonucleotide (5 0 -ACTGCAGTCCGCAGTCCGGCC-3 0 ) that is unique to all Yb Alu subfamily members was used to locate individual elements in the draft human genomic sequence. Only those elements that contained an exact sequence complement to the search oligonucleotide were retained for further analyses. Once a Yb Alu element was located, a 700 -1,200 base pair fragment, which included the Alu and adjacent sequence, was placed into the University of Washington Genome Center's RepeatMasker Web server (http://repeatmasker.genome.washinton.edu/cgi-bin/Repeat-Masker) for annotation of all identifiable repeat sequences.
Precise locations of the Yb Alu insertions were determined during the annotation process. Alu Yb elements extracted from the draft human genomic sequence were aligned using MEGALIGN (DNASTAR V.5) to determine mutation density. Multiple sequence alignments of all the Alu Yb-lineage subfamily members can be found on the authors' website (http://batzerlab.lsu.edu).
Cell lines and DNA samples
Cell lines used to isolate DNA samples were as follows: human (Homo sapiens, HeLa ATCCCCL2); common chimpanzee (Pan troglodytes, ATCCCRL1609); lowland gorilla, (Gorilla gorilla, AG05253B); orangutan (Pongo pygmaeus, ATCCCRL6301); green monkey (Cercopithecus aethiops, ATCCCCL70); owl monkey (Aotus trivirgatus, ATCCCRL1556); and pygmy chimpanzee (Pan paniscus, AG05253A). Human DNA from South American populations was purchased as part of the Human Variation Panel available from the Coriell Institute for Medical Research. Additional human DNA samples from the European, African-American and Asian population groups was isolated from peripheral blood lymphocytes available from previous studies. 15 Figure 1 . Alu Yb integrations within other human repeated sequences. Alu insertions within other known mobile elements were grouped according to the element in which they inserted. Mobile element categories included: LINE-1 (L1), LINE-2 (L2), long terminal repeats (LTR), Alu (ALU), mammalian-wide interspersed repeats (MIR) and medium reiteration frequency sequences (MERs).
Primer design and PCR amplification
Oligonucleotide primers for the PCR amplification of each Alu element were designed using the 700 -1,200 base pair flanking unique sequence fragments and Primer3 software (Whitehead Institute for Biomedical Research, Cambridge, MA, USA; http://www-genome.wi.mit.edu/cgi-bin/primer/ primer3_www.cgi). The sequences of the oligonucleotide primers, annealing temperatures, polymerase chain reaction (PCR) product sizes and chromosomal locations for all Yb-lineage Alu elements can be found on the authors' website (address given above). The primers were subsequently screened against the GenBank non-redundant database to determine if they resided in a unique DNA sequence. PCR amplification was performed in 25 ml aliquots using 10 -50 ng of target DNA, 200 nM of each oligonucleotide primer, 200 mM deoxynucleotide triphosphates (dNTPs) in 50 mM KCl, 1.5 mM MgCl 2 , 10 mM tris-HCl buffer (pH 8.4) and 1 unit Taq DNA polymerase. Each sample was subjected to an initial denaturation step at 948C for 150 seconds, followed by 32 PCR cycles of one minute of denaturation at 948C, one minute at the annealing temperature and one minute of extension at 728C, followed by a final extension step at 728C for ten minutes.
DNA sequencing
DNA sequencing was performed on gel-purified PCR products that had been cloned using the TOPO TA cloning vector (Invitrogen) using chain termination sequencing on an Applied Biosystems 3100 automated DNA sequencer. 17 The sequence of the non-human primate Yb7AD231, Yb7AD84, Yb8AC1233, Yb8AC914a, Yb7AD234, Yb7AD52 and Yb8AC1737 orthologous loci have been assigned accession numbers (AY345942-AY345966). Sequence alignments for all of the Yb-lineage subfamily members were performed using MegAlign software (DNAStar version 3.1.7 for Windows 3.2).
Statistical analyses
A comparison of Yb insertion distribution among human chromosomes was conducted using x 2 tests with one degree of freedom. The expected number of insertions for each chromosome was estimated based on the proportion of the total genomic sequence that the individual chromosome represented. 18 Hardy-Weinberg equilibrium tests were conducted using x 2 tests and a Markov chain method implemented using Arlequin software. 19, 20 
Results
Yb element copy number and chromosomal distribution
A total of 1,733 Yb-lineage Alu elements were detected within autosomal chromosomes (Table 1) . With the addition of 118 subfamily elements previously found on the sex chromosomes, 1,851 Yb elements have been recovered from the human draft sequence. 21 Twenty-four per cent (417) of the autosomal Yb elements were found to be integrated within other repeated Chi squared tests were performed on frequency data from all chromosomes to test the distribution of Alu Yb element insertions against a random insertion model in which the number of insertions on each chromosome was proportional to the size of the chromosome ( Table 2 ). Individual chromosome distribution was assessed based on the size of the chromosome and a total number of 1,851 Yb Alu elements recovered from the draft sequence of the human genome. 15, 22 Chromosomes 1, 2, 5, 6, 7 and Y were statistically different from the random insertion model at a 5 per cent significance level.
Yb sequence attributes
The vast majority of Yb Alu loci that were annotated in this study contained direct repeats ranging from 4-22 base pairs in length, which are generated during the integration process. A total of 55 elements, however, had no discernable direct repeats. These may have either been the result of unorthodox integrations or, alternatively, mutations and/or rearrangements subsequent to integration that resulted in the loss of repeat sequences.
The oligo-(dA)-rich tails and internal A-rich regions of Alu elements have previously been shown to serve as seeds for the genesis of simple sequence repeats. 23 -28 The oligo-(dA)-rich tails of each Alu element ranged from 3-144 base pairs in length. Approximately 5 per cent (91/1,733) of the Yb Alu family members had simple sequence repeats in their tails. Only one element, Yb8AC1733, did not possess an oligo-(dA) tail.
Incomplete reverse transcription or improper integration into the genome occasionally truncates individual Alu subfamily members. The authors found that the 5 0 regions of the Alu elements were more susceptible to truncations than the 3 0 regions, which is consistent with the current Alu retrotransposition model, as it proposes that reverse transcription initiates at the 3 0 end of the Alu sequence. 29 A total of 244 Yb Alu elements were found to have collectively lost 17,033 base pairs of 5 0 Alu sequence. Analysis of the 3 0 ends of Yb elements showed no appreciable sequence truncations.
Examination of the GC content of 1 kb of 5 0 and 3 0 flanking genomic sequence from each of the 1,733 autosomal Yb Alu elements indicates that their integration is specific to regions where GC content approximates 39 per cent. The flanking regions of Yb Alu elements that have integrated into other known human repeats were also analysed for repeat content (Figure 1 ). Approximately 40 per cent of Yb Alu repeats integrated within L1 elements and 26 per cent integrated within other, older pre-existing Alu elements. Twelve of the Yb elements contained an independent, full-length Alu element either in the oligo-(dA)-rich tail or immediately adjacent to the Yb Alu family member, such that both elements shared a single set of direct repeats. Data are available on the authors' website.
Human diversity
The human genetic diversity associated with each Alu Yb locus was estimated using individuals from four diverse populations (African-American, Asian, European and Egyptian). Amplification of human autosomal loci revealed that 20 per cent of Yb-lineage elements were polymorphic for insertion presence/absence. The heterozygosity of each polymorphic Alu element was also calculated. Allele frequencies for each locus, as well as the associated heterozygosity calculations, are available in tabular form on the authors' website.
Individual chromosomal insertion polymorphism rates were found to be as low as 13 per cent (chromosome 4) and as high as 32 per cent (chromosome 20) (Table 3 ). The average polymorphism rate for all 22 autosomes was 20 per cent. All of the insertion polymorphisms were subsequently categorised as high (HF), intermediate (IF) or low frequency (LF) as previously described in Carroll et al. 15 Allele frequency was classified as:
fixed present (FP) low frequency (LF) intermediate (IF) high frequency (HF) insertion polymorphism. Fixed present: every individual tested had the Alu element in both chromosomes. Low frequency insertion polymorphism: the element is absent in all individuals tested, except for one or two homozygous or heterozygous individuals. Intermediate frequency insertion polymorphism: the Alu element is variable as to its presence or absence in at least one population. High frequency insertion polymorphism: the element is present in all individuals in the populations Genome-wide analysis of the human Alu Yb-lineage Review PRIMARY RESEARCH tested, except for one or two heterozygous or absent individuals. These categories comprise 8 per cent (18) , 75 per cent (181) and 17 per cent (41) of the polymorphisms, respectively. The genome-wide distribution of various frequency classes of the polymorphic Yb Alu elements is shown in Figure 2 . The physical positions of the Yb Alu insertion polymorphisms on both autosomal and sex chromosomes were determined using the BLAST-like Alignment Tool (BLAT) ( Table 3) .
A total of 888 x 2 analyses were performed on polymorphic Alu Yb elements to determine if they were in Hardy-Weinberg equilibrium. Fifty-seven deviations from Hardy-Weinberg were recorded (p , 0.05). Thirty-five of these deviations were the result of low expected values, however. A total of 44 deviations from Hardy-Weinberg would be expected by chance alone at the p ¼ 0:05 significance level. A Markov chain model was then applied to the data using the Arlequin population data analysis software. 19, 20 Out of 888 comparisons, the test yielded only eight that were significant (p , 0.01), which is the number that would have been expected by chance alone. The results of both tests suggest that Yb Alu insertion polymorphisms as a whole do not significantly depart from Hardy-Weinberg equilibrium.
Evolutionary age estimates
Average age estimates of the Yb7, Yb8 and Yb9 subfamilies were calculated using the CpG dinucleotide and non -CpG nucleotide mutation densities as described in Carroll et al. 15 Consensus sequences for each subfamily are shown in Figure 3 . A total of 157 elements (42,233 nucleotide bases) from the annotated autosomal Yb7 elements were used in both CpG and non-CpG mutation calculations in determining Yb7 age estimates. There were 169 CpG mutations (out of 7,222 nucleotide bases analysed) and 253 non-CpG mutations (out of 35,011 non-CpG bases analysed), yielding a mutation density of 0.0230 and 0.0070, respectively. A total of 994 Yb8 autosomal elements (267,557 nucleotide bases) were used in CpG and non-CpG age estimates. There were 1,050 CpG mutations (out of 45,724 nucleotide bases analysed) and 798 non-CpG mutations (out of 221,833 non-CpG bases analysed), yielding a mutation density of 0.0229 and 0.00359, respectively. A total of 63 elements (16,947 nucleotide bases) from the autosomal Yb9 elements were used in both CpG and non-CpG mutation calculations in determining Yb9 age estimates. A total of 47 CpG mutations (out of 2,898 nucleotide bases analysed) and 49 non-CpG mutations (out of 14,049 non-CpG bases analysed) yielded a mutation density of 0.0160 and 0.0030, respectively. Using neutral mutation rates of 1.46 per cent/million years for CpG bases and 0.15 per cent/million years for non-CpG bases, the average ages of the Yb7, Yb8 and Yb9 subfamilies were calculated. 15,30 -32 CpG and non-CpG age estimations for Yb7 subfamily were 1.6 million years and 4.81 million years, respectively. For the Yb8 subfamily, CpG-and non-CpG-based age estimates were 1.57 million years and 2.39 million years, respectively. For the Yb9 subfamily, CpG and non-CpG age estimates were 1.11 million years and 2.32 million years, respectively. These age estimations are in good agreement with previous estimates for the Alu Yb subfamily. 15 Alu Yb-lineage origin and orthologous insertions
To determine the approximate time of insertion of each Yb locus during primate evolution, orthologous loci from several non-human primates were PCR amplified to detect the presence or absence of individual Alu inserts. Non-human primate PCR amplification resulted in the recovery of seven loci that appeared to contain a Yb Alu element ( Table 4 ). Analysis of the DNA sequences from the non-human primate PCR products, however, showed that the orthologous loci contained Alu elements from older Y, Sx, Sg or Sc subfamilies (see below).
Nine Yb-lineage Alu elements yielded PCR results indicating the presence of an Alu filled site at orthologous positions in non-human primate genomes. Two of these Alu elements (Yb8NBC185 and Yb8NBC253) have previously been sequenced and analysed. These appear to be the result of gene conversion and parallel insertion. 33 The remaining seven (Yb8AC1233, Yb7AD234, Yb7AD52, Yb8AC1737, Yb8AC914a, Yb7AD231 and Yb7AD84) newly reported Yblineage elements also produced a filled site amplicon in at least one non-human primate genome (Table 4 and Figure 4 ). DNA sequences obtained from these loci demonstrated that they do not contain authentic Yb-lineage Alu elements. Further examination of both human and non-human primate sequences was undertaken to aid in reconstructing the history of these loci. Individual alignments corresponding to six of the seven anomalous loci with their non-human primate orthologous sequences are available on the authors' website. The seventh locus had no associated insertion at the orthologous locations, as outlined below.
For Yb7AD234, the PCR results suggested that filled alleles were present in both the human and the owl monkey, but not in other non-human primates. Examination of the orthologous sequences showed that a parallel independent Alu insertion event had most likely occurred, in which a human Alu Yb element and an owl monkey Alu Sc element independently inserted immediately adjacent to a Alu Sg element common to both genomes. Alu Sg elements are approximately 35 million years old and are found throughout most of the primate order. 22 This is consistent with the Alu Sg element representing the ancestral state. In humans, a full-length Yb element integrated adjacent to the existing Alu Sg. A subsequent non-homologous recombination event probably resulted in a chimeric Alu Yb7 element and one remaining monomer from the ancestral Alu Sg repeat. Presumably, the other recombinant allele was lost from The human genomic locus containing Alu Yb8AC1233 has a complete Alu Yb element, while the orthologous loci in pygmy chimpanzee, common chimpanzee, gorilla and orangutan contain an older, full-length Alu Y element. Upon closer examination of the human Alu Yb8 element sequence, it was apparent that the second monomer of the element shared several mutations with the non-human primate Alu Y element. This hybrid human element probably resulted from the insertion of the Yb8 element within the ancestral Alu Y locus, followed by a non-homologous recombination event that created a chimeric sequence.
The Alu Yb locus Yb8AC1737 yielded non-human primate PCR results, indicating that this element resided in the genomes of humans, pygmy chimpanzees, common chimpanzees, gorillas and orangutans (Table 4 ). Alu Yb8A1737 integrated into a chromosomal region that had previously undergone a segmental duplication event. Amplification of all human templates generates filled and empty site products for the Yb8AC1737 element. Humans have a duplicated region which has an Alu Sx element (top band in Figure 4 ) and a second allele (bottom band in Figure 4 ) which contain a Yb element that is associated with an adjacent 473 base pair deletion 3 0 of the element. As in the case of Yb8AC1233, examination of the human sequence demonstrated similarities with the older Alu element present in the ancestral state. In this case, multiple shared mutations are located the 5 0 end of the element. It is likely that in the chromosomal segment that represents the smaller allele, following the insertion of an Alu Yb8 element downstream of the ancestral Alu Sx, a nonhomologous recombination event occurred which deleted the intervening sequence and created the chimeric element.
PCR results from Yb7AD231 initially indicated that the Alu element was present in non-human primate loci and absent in human loci. Examination of the orthologous sequences, however, showed that an Alu Sg element in nonhuman primates was replaced by an Alu Yb in humans. In conjunction with this replacement event, the human locus is missing 375 base pairs 3 0 of the Yb7AD231 element that are found in non-human primates. As in the above cases, comparison of human and non-human primate sequences revealed that insertion of an Alu Yb8 near to the ancestral Alu Sg in the human lineage resulted in a non-homologous recombination event which removed the intervening sequence and created a chimeric element.
Investigation of orthologous insertions at the Yb8AC914a locus revealed a more complex history. While an Alu Yb element resides at the human locus, an Alu Sx element is present at orthologous pygmy chimpanzee, common chimpanzee and gorilla loci. It appears that this human genomic region underwent a segmental duplication event some time before the separation of humans and great apes, as evidenced by the appearance of two alleles of different sizes in all extant humans examined and in multiple non-human primate species (Figure 4) . The sequences of these products show that the upper band of both humans and great apes is made up of two adjacent Alu Sx elements separated by a 327 base pair stretch of sequence. The lower band in humans and great apes is a single Alu Yb and a single Alu Sx element, respectively, with the intervening 327 base pair sequence absent. While it is difficult to establish the exact history of the events leading to the extant alleles, it appears most likely that, within one of the duplicated regions, a non-homologous recombination between the two Alu Sx elements occurred, resulting in the removal of the intervening 327 base pair sequence. This event appears to have taken place some time before the separation of the lineages leading to humans and other great apes, as the two allele sizes are present in humans, chimps, gorillas and organgutans (Figure 4 ). The other, larger, allele did not undergo this recombination. In the human lineage, an additional event occurred; this resulted in the replacement, in the smaller allele, of the remaining Alu Sx element with an Alu Yb8 element. This may have been the result of an Alu Yb8 insertion in the Alu Sx tail followed by a non-homologous recombination event that removed the Alu Sx. Unlike other analogous replacement events (see above), however, no clear signature of the older Alu Sx remains in the human Alu Yb sequence, and the Alu Yb8 element is not chimeric. As a consequence, it may represent a more 'pure' gene conversion event, where the donor sequence has removed all evidence of the target sequence from the genome.
The Alu Yb7AD84 locus contained an Alu Yb element adjacent to the second monomer of an older Alu Y element. Orthologous loci in non-human primates contained a similar arrangement of Alu elements, but with an Alu Y in the place of the Yb8. Inspection of alignments between the Alu Yb8 element and its non-human orthologues revealed that the first monomer of the Alu Yb8 shared several mutations with the ancestral Y element, indicating that recombination had occurred, creating a chimeric element and replacing the ancestral Y monomer with a Yb8 element in the human lineage.
Finally, Alu Yb7AD52 contained a complete Yb7 element within humans and a larger than predicted product size (based on human sequence) in non-human primates. The nonhuman primate sequences showed that no insertion was present at orthologous loci, but rather 320 base pairs of sequence adjacent to the Alu Yb7 had been deleted within humans. While it is unclear if this deletion occurred simultaneously with the Alu insertion, evidence of L1 and Alu insertion associated genomic deletions raises the possibility that the Alu Yb7AD52 deletion resulted during the integration process. 34 
Paralogous insertions
Computational searches for paralogous Yb Alu elements were performed using direct repeats and PCR primer sequences as search criteria, because Alu elements of the same evolutionary age have conserved core sequences but unique 5 0 and 3 0 flanking sequences. Typically, direct repeats and oligonucleotide primers both reside in adjacent unique flanking regions and are, therefore, unique to individual Alu insertions. The authors' analysis showed that there were 32 autosomal paralogous Yb elements ( Table 1 ).
Discussion
In this study, the authors expand on previously published data to include all human genomic loci containing Yb-lineage Alu elements. Two previously published datasets included annotations of 118 Yb elements on the sex chromosomes and 244 Yb elements on the autosomes. 15, 21 The analysis has recovered 1,489 unique Alu Yb loci, making a total of 1,851 Yb-lineage elements that have now been annotated in the human genome draft sequence ( Table 1 ). The number of Yb-lineage Alu elements recovered from the draft sequence is in good agreement with previously published estimates of subfamily Genome-wide analysis of the human Alu Yb-lineage Review PRIMARY RESEARCH size. 15,35 -37 Also 1,307 Yb-lineage loci have been analysed via PCR-based assays on the autosomes and sex chromosomes. 15, 21 The overall proportion of Alu insertion polymorphisms for Yb-lineage subfamilies in human populations was 20 per cent. Based on all 1,851 annotated Yb elements, if one assumes that the insertion polymorphism rate for the entire Yb-lineage is 20 per cent, one would expect to see approximately 370 Yb polymorphic Alu repeats. To date, 247 Yb Alu insertion polymorphisms (239 autosomal and eight sex chromosome) have been recovered. There are numerous reasons for the difference between the observed and expected numbers of polymorphic Yb insertions that have been recovered. The present study only recovered those polymorphic Alu Yb-lineage elements that have inserted alleles present in the genomes of the few individuals whose DNA constitutes the human genome draft sequence. As a consequence, a fraction of the polymorphic Alu insertion loci, typically those of low insertion frequencies, will not be identified through computational screening of the draft human genomic sequence. In addition, a number of polymorphisms may have been missed as a result of researchers' inability to examine them using PCR assays because they inserted in paralogous loci. Some of the Yb elements were not amenable to PCR because they had inserted into other, pre-existing repetitive elements in the genome, or simply did not amplify in the PCR analysis.
The emergence of separate Yb-lineage subfamilies is the result of an accumulation of diagnostic mutations occurring within source genes over the course of primate evolution. The total number of Alu subfamily members differs greatly between the Yb7, Yb8 and Yb9 subfamilies. Subfamilies Yb7 and Yb9 contain 158 and 63 subfamily members, respectively. The Yb8 subfamily comprises 994 elements, which is . Alu-mediated non-homologous recombinations, parallel independent insertions and gene conversion. Estimated evolutionary time periods between the different primate speciation events are indicated in millions of years (mya). 44 Arrows on the phylogenetic tree denote the potential time period for the parallel independent insertion of Alu Yb7AD234 in the human lineage and Alu Sc in the owl monkey lineage. The lanes are: 1, human; 2, pygmy chimpanzee; 3, common chimpanzee; 4, gorilla; 5, orangutan; 6, green monkey; 7, owl monkey; 8, double-distilled water (control); 9, 10 base pair molecular marker.
approximately 56 per cent of the entire Yb-lineage. There are multiple scenarios that could account for the observed unequal copy numbers. There could have been a higher rate of amplification for the Yb8 subfamily with respect to the Alu Yb7 and Alu Yb9 families. Alternatively, the Yb8 source gene may have simply been active for a much longer period of time than the Yb7 and Yb9 sources. As the Yb7 subfamily is demonstrably older, however, it is more likely that it has been less transpositionally active or that it mutated early on to become the Yb8 source gene. The relatively young age estimate for the Alu Yb9 subfamily suggests it is more recent in origin, a fact that could also account for its lower copy number.
The Yb8 subfamily makes up over 50 per cent of the Yb-lineage Alu elements. Because the Yb8 subfamily provides the largest dataset, the authors used non-CpG-based and CpG-based average age estimates to calculate the number of Alu repeats that should be present at orthologous loci in nonhuman primates. Assuming that the Yb Alu elements had a linear rate of amplification, the age of the oldest individual Yb Alu repeats can be calculated as twice the average subfamily age. The average age calculated using non-CpG and CpG mutations was calculated to be 2.39 and 1.57 million years, respectively. In this study, the non-CpG-based age estimate indicates that the oldest Alu Yb8 subfamily members integrated into the primate lineage approximately 4.78 (2.39 £ 2) million years ago. This is near the time of the human and African ape divergence, which is thought to have occurred 4-6 million years ago. Assuming that humans and chimpanzees diverged 4 million years ago, our non-CpG age estimate of 4.78 million years for the Yb subfamily would lead us to expect that roughly 16 per cent of Alu Yb8 insertions would be present at nonhuman primate loci; however, no authentic orthologous Yb insertions have been recovered. This suggests that either the 4 million year date of the human-chimpanzee divergence is too recent, or that the authors' age estimate is too old. The CpGbased age estimates, however, place the oldest Yb Alu elements at 3.14 (1.57 £ 2) million years old. This is subsequent to the generally accepted time range of human-African ape divergence, so one should expect to see no Yb8 elements in nonhuman primate genomes. This result is in good agreement with current data. 18,36,38 -43 The disparities between the CpG-and non-CpG-based subfamily age estimates are appreciable and systematic. They may be attributable to a number of factors. The well-established distribution of Alu elements within genic regions may affect their susceptibility to CpG-based methylation, resulting in an altered mutation density. Alternatively, ongoing sequence exchanges between non-homologous Alu elements may also contribute to deviations from published values. Further examination of the CpG methylation rates in retroposons, which take into account genomic location, rates of gene conversion and additional factors, will be necessary in order better to address the observed differences in mutation densities.
